Tachykinins play an important role in peripheral inflammatory diseases and disorders of the CNS. Most members of the tachykinin family are generated by alternative post-transcriptional splicing of the prepro-tachykinin (PPT) A gene. Here, we examined the simultaneous expression of PPT-A splice variants in individual neurones of the nodose ganglion. In extracts of ganglia, the expression of the four PPT-A mRNA splice variants and their four encoded peptides was shown by RT-PCR and combined HPLC and radioimmunoassay respectively. In order to examine prepro-tachykinin A expression in individual cells, single neurones were isolated from the ganglia using laser-assisted microdissection and processed for RT-PCR. Some 31.9% of the neurones investigated expressed a specific PPT-A transcript. Each individual neurone was found to express only a single splice variant. This is the first study to analyse the differential expression of PPT-A splice variants at the single-cell level. In view of the large number of alternatively spliced genes in the human genome and the resulting profound physiological effects, including several diseases, the technique described here is useful for isolating cells without possible confounding effects of dissociated neuronal cultures. For PPT-A, the results indicate that alternative post-transcriptional splicing determines the tachykinergic phenotype and may therefore have important functional implications.
Tachykinins comprise a family of closely related neuropeptides that are widely but selectively distributed throughout the central and peripheral nervous system, where they may act as neurotransmitters. Tachykinins have been shown to be involved in the pathogenesis of pain and inflammatory diseases, such as asthma, psoriasis and inflammatory bowel disease, and in disorders of the CNS, including emesis, migraine, schizophrenia, depression and anxiety (Argyropoulos and Nutt 2000) . Inflammation is associated with an induction or up-regulation of prepro-tachykinin (PPT) A expression in sensory neurones (Nieber et al. 1992; Fischer et al. 1996) and their receptors in the periphery (Renzi et al. 2000) .
The PPT-A gene encodes several tachykinin peptides [Substance P (SP), neurokinin A (NKA), neuropeptide c (NPc) and neuropeptide K (NPK)] with distinct pharmacological properties (Harmar et al. 1990; Helke et al. 1990) , whereas neurokinin B is encoded by a separate gene, the PPT-B gene (Brecha et al. 1989) . The mechanisms accounting for the expression of several tachykinins from the PPT-A gene include alternative post-transcriptional splicing and post-translational processing. Both mechanisms may lead to extensively increased proteomic diversity of a single gene, particularly in the nervous system, where 3000 isoforms of the three neurexin genes alone have been estimated to be expressed (Grabowski and Black 2001) . The differential expression of splice variants of a gene may occur in distinct tissues and organs (Sirand-Pugnet et al. 1995; Wang et al. 1999) , may be regulated developmentally (Boissel et al. 1998; Enigk and Maimone 1999; Pauls et al. 1999) or may vary within one tissue type (Pauls et al. 1999) .
The PPT-A gene was used in earlier studies on regulation of splicing (Nasim et al. 1990; Kuo et al. 1991) and therefore represents a suitable model for investigating the regulation of alternative post-transcriptional processing in primary sensory neurones. The b-form of PPT-A mRNA contains the transcripts of all seven of the gene's exons, whereas in the a, c and d forms, the transcript of the sixth exon, fifth exon (Helke et al. 1990) , and sixth and fifth exons respectively are absent (Fig. 1a) (Harmar et al. 1990 ). The SP and NKA sequences are encoded within exons three and six respectively. As a result, SP is an invariable product of PPT-A gene expression, whereas NKA may only arise from b-and c-precursor forms. Therefore, alternative post-transcriptional mRNA splicing can influence the nature of the tachykinin signal. As they are expressed in a subpopulation of primary sensory neurones that innervate both somatic and visceral tissues, differential expression of tachykinins may be essential for a heterogenous yet target-defined neuronal regulation in health and disease. In this study, we have analysed single cells dissected from a complex tissue by laser-assisted microdissection in order to exclude any changes in expression that may occur in cultured cells or tissue slices. Furthermore, the value of the method for studying the expression of mRNA splice variants was addressed by assessment of the efficiency, reliability and sensitivity in control experiments.
Materials and methods

Animals
FVB mice (n ¼ 32) were purchased from Harlan-Winkelmann (Borchen, Germany) and housed under standard laboratory conditions. The complexes formed by the jugular and nodose ganglia (JNCs) were removed and snap-frozen in less than 5 min after killing the animals by CO 2 intoxication or cervical dislocation, as approved by the local animal committee for HPLC and single-cell RT-PCR respectively.
Combination of reverse-phase HPLC and radioimmunoassay (RIA) The combination of reverse-phase HPLC and RIA was performed as described before (McGregor et al. 1992) . Briefly, the tissue was boiled in 5% acetic acid (10 · tissue volume) in a polypropylene tube. Following boiling for 15 min, the tissue samples were homogenized mechanically (Ultraturrax T-20; IKA GmbH, Staufen, Germany) and centrifuged at 4000 g for 20 min. The partial purification of the peptide fractions was achieved by solid-phase extraction of the supernatants, using octadecylsilica-Sep-Pak (Millipore GmbH, Eschborn, Germany) cartridges. Sep-Pak cartridges were activated with 80% ethanol in aqueous 0.1% trifluoroacetic acid (TFA), and washed with 0.1% TFA. Following application of the sample to the cartridge, the peptide fraction was eluted with 3 mL 80% ethanol in aqueous 0.1% TFA.
RT-PCR
Total RNA was isolated by the RNAzol (Wak Chemie, Bad Soden, Germany) method and cDNA synthesis was performed using the superscript RT (Gibco, Heidelberg, Germany) according to the manufacturers' protocols. Chromosomal DNA was isolated using a QIAgen tissue kit (OlAgen, Hilden, Germany) according to the manufacturer's protocol. A primer pair was chosen that simultaneously detects all PPT-A splice forms (sense: 5¢-AAGCCTCAG-TTCTTTGGAT-3¢, antisense: 5¢-GTTCTGCATTGCGCTTCTTTC-3¢, representing nucleotides 278-299 and 472-452 of sequence D17584 respectively) and used in a duplex PCR with glyceralde- hyde-3-phosphate dehydrogenase (GAPDH; sense: 5¢-CGTCTTCA-CCACCATGGA-3¢, antisense: 5¢-CGGCCATCACGCCACAGTTT-3¢, representing nucleotides 341-352 and 639-623 of sequence NM_008084 respectively) as an internal positive control. For the PCR 5 lL buffer II, 5 lL MgCl 2 , 1.5 lL dNTPs (10 mM each), 1 lL of each primer (20 pM), 0.4 lL (2.5 U) AmpliTaq Gold polymerase (all reagents from Applied Biosystems, Weiterstadt, Germany) were supplemented with water to a final volume of 50 lL. Cycling conditions (Gene Amp PCR Systems 2400; Applied Biosystems) were 10 min at 94°C, 40 cycles for 45 s at 94°C, 45 s at 58°C, 45 s at 73°C and a final extension at 73°C for 7 min. PCR products were separated on a 3% high-resolution agarose gel (Agarose SFR; Amcresco, Solon, Ohio, USA) and stained with ethidium bromide. PCR products were isolated from the agarose gels using a QIAgen kit according to the manufactur's protocol and sequenced by means of a big dye terminator kit (Applied Biosystems) following standard protocols to confirm specificity of the PCR reaction.
Laser-assisted cell picking and subsequent RT-PCR For the single-cell RT-PCR the JNCs of mice of either sex (n ¼ 8) were removed rapidly and quick-frozen in melting isopentane. Cryosections (6 lm) were collected on coverslips, which had been placed in acetone overnight, transferred into 100% ethanol and H 2 O 2 for 2 h and 30 min respectively, briefly rinsed in sterile water and stored in 100% ethanol before use. The sections were stained for 3 min with haemalaun, briefly rinsed in sterile water and again stored in 100% ethanol until use. The neurones were isolated by laser microdissection (P.A.L.M. robot-micro beam; PALM, Bernried, Germany). Up to 10 isolated cells were scraped off the coverslip individually with a sterile needle linked to the micromanipulator, and were transferred into 10 lL of a modified first-strand buffer containing 4% RNase inhibitor in 52 mM Tris-HCL (pH 8.3), 78 mM KCl and 3.1 mM MgCl 2 . The tubes were cooled on ice for 5 min and then snap-frozen in liquid nitrogen. Before cDNA synthesis tubes were warmed to 18°C for 1 min, heated to 70°C for 10 min and cooled on ice for 5 min. For the reverse transcription 1 lL dNTPs (2.5 mmol each), 0.8 lL random hexamers (40 lM), 0.5 lL RNase inhibitor (10 U), 0.8 lL RT (40 U) and 4.4 lL H 2 O were added to a total volume of 17.5 lL. All reagents used for cDNA synthesis were purchased from Applied Biosystems. The reaction was performed at 20°C for 10 min, 43°C for 60 min and 99°C for 5 min. The PPT-A primer pair described above was used for the subsequent PCR. Some 3.5 lL buffer II, 4 lL MgCl 2 , 1.5 lL dNTPs (10 mM each), 1 lL of each primer (20 pM) and 0.4 lL (2.5 U) AmpliTaq Gold polymerase were added to the RT reaction for subsequent PCR analysis. Cycling conditions were 2 min 45 s at 94°C, 60 cycles for 45 s at 95°C, 45 s at 58°C, 45 s at 73°C and a final extension at 73°C for 7 min. PCR products were separated on a 3% high-resolution agarose gel and stained with ethidium bromide.
Efficiency of the single-cell RT-PCR
In order to determine the efficiency of the method at the single-cell level, neuronal profiles were isolated from the JNCs of mice (n ¼ 4) and RT-PCR was performed with primers for 102-bp b-actin product (sense: 5¢-TAAGGCCAACCGTGAAAAGA-3¢, antisense: 5¢-ACCAGAGGCATACAGGGACA-3¢, nucleotides 258-277 and 341-360 of sequence X03765 respectively), as well as a duplex RT-PCT with primers for a 76-bp GAPDH product (sense: 5¢-GGCCTTCCGTGTTCCTACC-3¢, antisense: 5¢-TGCATCA-TACTTGGCAGGTTTCTC-3¢, nucleotides 733-751 and 788-809 of sequence NM_008084 respectively) and the PPT-A primers used in the experiments described above. To determine the efficiency of the PCR conditions used in this study for longer transcripts, a duplex RT-PCR with the primers for the 102-bp b-actin product and a 301-bp fragment of b-actin mRNA (5¢-ACTGTGCCCATCTACCA-GGG-3¢, antisense: 5¢-AAAGAGCCTCAGGGCATCG-3¢, nucleotides 406-425 and 688-706 of the sequence X03765 respectively) was performed. Additionally 10 samples were divided into four aliquots after reverse transcription and PCR was performed with PPT-A, GAPDH, b-actin and a 210-bp hypoxanthine-guanine phosphoribosyltransferase (HPRT) product (sense: 5¢-GCTTGCT-GGTGAAAAGGACCT-3¢, antisense: 5¢-GGACTCCTCGTATTT-GCAGATTC-3¢, nucleotides 546-566 and 733-755 of sequence BC004686 respectively).
As a further control for reproducibility, identical neuronal profiles of adjacent sections were investigated for PPT-A expression.
Results
Reverse-phase HPLC and RIA Analysis of pooled extracts of JNCs from 20 animals that were fractionated by reverse-phase HPLC and analysed by RIA revealed that all tachykinins encoded by the PPT-A gene were detected (Fig. 1b) . One RIA was specific for SP and a second detected NKA and its elongated forms NPc and NPK following their resolution by reverse-phase HPLC. Comparison of synthetic peptides injected on to the reverse-phase column after the samples allowed identification of the tachykinin-containing fractions.
RT-PCR of JNCs
RT-PCR using primers that can discriminate between the splice variants revealed that each of the splicing variants was present in extracts of whole JNC. As predicted from comparison of mouse and rat PPT-A mRNA sequences [GenBank access no. D17584 (mouse b-PPT-A), M34159, M34160, M34161, M34162 (rat exons of PPT-A)], the alternatively spliced exons four, five and six produced amplicons of 194 bp (b-PPT-A), 150 bp (c-PPT-A), 141 bp (a-PPT-A) and 97 bp (d-PPT-A) (Fig. 1c) . Isolation and sequencing of the PCR products confirmed the specificity of the RT-PCR (data not shown). As a control for the specificity of the chosen PCR conditions, chromosomal DNA was isolated and, as predicted, no amplicons were generated (data not shown).
Laser-assisted microdissection and single-cell RT-PCR Oligo-and single-cell RT-PCR using the primer pair that amplified all PPT-A splice variants revealed that only a subpopulation of small neurones (diameter 20-30 lm), which are believed to be peptidergic and were easily identified and isolated from surrounding tissue by laserassisted microdissection through photolysation of the adjacent larger neurones and glial cells, expressed tachykinin mRNA. In samples (n ¼ 12) containing up to four neuronal profiles the expression of several splice variants was detected (Fig. 2a) . No PPT-A amplicons were observed in scrapings (n ¼ 18) from empty coverslips (not shown).
A specific amplicon was observed in 31.9% (n ¼ 144) of the single neurones evaluated, as tachykinin-containing cells could not be identified beforehand. As observed in the extracts from whole nodose ganglia all four PPT-A mRNA isoforms could be detected, but individual neurones expressed only one of the possible PPT-A splice variants (Figs 2b and c) . The neurones analysed expressed the PPT-A mRNA splice variants with the following frequencies: a-PPT-A, 56%; b-PPT-A, 11%; c-PPT-A, 14%; and d-PPT-A, 19%.
Efficiency of single-cell RT-PCR
The efficiency of single-cell RT-PCR was determined in a second series of experiments by amplification of the highcopy gene b-actin, which showed positive results in 100% of the neurones investigated (n ¼ 30) (Fig. 3a) and by duplex RT-PCR with PPT-A and GAPDH (Fig. 3b) , which displayed overall positive results in 85% of the picked cells (n ¼ 26). Both mRNAs were not amplified in each reaction at the single-cell level. The short GAPDH product (76 bp) was observed in 77% and PPT-A in 27% of the samples.
After reverse transcription, 10 randomly chosen samples were divided into four aliquots and PCR was performed for b-actin, GAPDH, HPRT (210 bp) and PPT-A, resulting in 10 weak bands for b-actin and three weak bands for GAPDH, whereas the expression of HPRT and PPT-A could not be demonstrated (not shown). Also, 10 samples were used for a duplex RT-PCR for the short b-actin product used in the experiments above and a larger b-actin product (301 bp). The short fragment was amplified in all 10 samples investigated, Prepro-tachykinin A isoforms in sensory neurones 885 whereas the large fragment was amplified in only one sample (Fig. 3c) . All primer pairs used in this study were tested positively with cDNA from whole JNCs before use in the single-cell approach (data not shown).
As a further control, cellular profiles of individual neurones were identified in adjacent sections and two profiles of each neurone were isolated for RT-PCR (Fig. 4) . Of the 43 cells investigated 13 (30%) were positive for PPT-A mRNA. Only one of the 13 positive cells did not display PPT-A mRNA in the adjacent section.
Discussion
By taking advantage of laser-assisted single-cell microdissection, the present study has examined the simultaneous expression of PPT-A mRNA splice variants at the single-cell level within a complex tissue for the first time.
The analysis of alternative splicing has attracted interest, as the number of expressed proteins is substantially larger (Mironov et al. 1999) than the number of genes encoded in the human genome. Alternative post-transcriptional splicing is an important mechanism for increasing the potential number of gene products. It has been estimated to occur in 35% of human genes (Mironov et al. 1999) . The resulting proteomic diversity is particularly important in the nervous system, where the peptide/protein isoforms play roles in complex processes such as learning and memory as well as neurotransmission (Grabowski and Black 2001) . Previous studies have focused on the distribution of splicing variants in whole tissues (Xie et al. 1998) , including developmental changes in the pattern of post-transcriptional processing of a single gene (Sirand-Pugnet et al. 1995; Pauls et al. 1999) .
Some studies have assessed single-cell differences in posttranscriptional processing following mechanical disruption of the tissue or in permeabilized and cultured cells (Meer and Eddinger 1996; Eddinger and Meer 1997) . In contrast to the results of this study, these studies described a mixture of mRNA splice variants in cultured smooth muscle cells (Meer and Eddinger 1996; Eddinger and Meer 1997) . On the other hand, exclusive splicing of the two neuropeptide-encoding exons for FMRFamide and GDP/SDPFLRFamide has been suggested by in situ hybridization studies in Lymnea (Saunders et al. 1992) .
The approach described here maintained the in vivo state as closely as possible, owing to the rapid processing of the tissue, as with in situ hybridization, but combined the resolution of in situ hybridization within a tissue with the sensitivity and amplification, multipler and quantitative possibilities of RT-PCR. Laser-assisted microdissection and subsequent single-cell RT-PCR appears to be a uniquely effective and reliable method for the investigation of alternative splicing at the single-cell level in complex tissues. The expression of single-splice variants in tissues has been studied using microdissection or in situ hybridization (Huber et al. 1999) . However, in situ hybridization is limited to two alternate transcripts that differ greatly in size or the use of oligonucleotide probes that hybridize to exon-exon boundaries and require analysis of serial sections. For many genes such as the PPT-A gene, in situ hybridization is not feasible because the alternatively spliced exons are short and all possible oligonucleotide probes would detect at least two mRNA isoforms. Therefore, the rapid and simple biochemical procedure described here is most appropriate for investigating the cellular expression of a large number of alternatively spliced genes, if a direct correlation of the mRNA to peptide ratio can be shown. For the PPT-A mRNA and its resulting neuropeptides the ratios of the peptides to the mRNA splice variants were determined and found to correspond.
The technique used in this study is generally applicable to other tissues and may be valuable for studying all areas of the nervous system, as numerous splice variants have been described for neurone-associated proteins such as neurexin 1 (Patzke and Ernsberger 2000) , neuronal nitric oxide synthase (Eliasson et al. 1997; Saur et al. 2000) and agrin (Smith et al. 1997) . The minimum requirement for the analysis of single cells in complex tissues, such as the brain, is to identify not only the cells of interest, but also their cellular borders. This may be done either by differential staining or immunohistochemistry.
The results of this analysis of the PPT-A gene in the vagal sensory ganglia indicate that the regulation of alternative splicing must be tightly controlled and highly specific for each individual neurone. It cannot be ruled out that the absolute numbers of splice variants expressed may not be correlated with the overall expression of the PPT-A isoforms, as only a subpopulation of small-diameter neurones were picked at random. Using more than one neuronal profile (up to four) resulted in the amplification of variable splice variants in a single reaction. It therefore seems highly unlikely that PPT-A mRNAs were below the limits of detection. The reproducibility of RT-PCR results from profiles of the same cells in adjacent sections further supports this statement.
The relatively high overall percentage of neurones expressing PPT mRNA compared with immunohistochemical results may be explained by the selection of small-tomedium sized neurones and may also reflect the higher sensitivity of mRNA techniques, as has also been observed in in situ hybridization studies (Kummer et al. 1993; Fischer et al. 1996) . In addition, the large number of positive neurones confirms the high efficiency of the singlecell RT-PCR approach . The transfer efficiency of the picked cell into the reaction tube and the subsequent RT-PCR was up to 100% (b-actin), and no false positives were observed in scrapings of empty coverslips. However, false negatives of low-copy genes cannot generally be ruled out in single cells, as their expression could be below the detection limit. Using ubiquitously expressed genes as internal positive controls may address this problem. The results of this study suggest that internal standards should be used in multiplex PCRs, because splitting the minute samples may lead to false negatives. Comparison of duplex RT-PCR for the short and long b-actin products suggests that the product length of the amplified cDNA should not exceed 200 bp, as longer fragments were not amplified sufficiently with the present method. The lower number of GAPDH-positive reactions compared with the number of positive b-actin reactions may reflect expressional changes, which indeed have been shown for GAPDH previously (Lowe et al. 2000; Zhu et al. 2001) .
As sensory neurones project to different peripheral targets, such as smooth muscle or epithelium, the tachykinergic phenotype, which is determined by differential splice variant expression, may reflect their target areas. Changes in these target-derived factors may therefore lead to an altered expression of transcription and splicing factors resulting in altered neuropeptide synthesis. Altered neuropeptide expression has been observed in several human diseases (Argyropoulos and Nutt 2000). The nature of the factors that are involved in this specific regulation is unclear at present. Among the possible candidates, neurotrophins may play a role in the expression or regulation of splicing factors responsible for the splice-site selection of the neuropeptide mRNA. Nerve growth factor (NGF) has been shown to regulate the alternative splicing of the neuromuscular junction protein argin in a cell culture model (Smith et al. 1997) and of neurexin 1 (Patzke and Ernsberger 2000) . NGF itself is up-regulated under inflammatory conditions (Bonini et al. 1996) and induces tachykinin expression in animal models (Lindsay and Harmar 1989) . The peptides encoded by PPT-A cannot be distinguished conclusively by immunocytochemical methods because of sequence homologies (Mussap et al. 1993) . As a consequence, the exact distribution of each of the peptides encoded by PPT-A is unclear. Physiologically, the tachykinins display different affinities to the three tachykinin receptors that are differentially distributed within peripheral tissues (Barnes and Liu 1995) . This pattern of distribution may be associated with the projection of distinct tachykinergic neuronal subpopulations.
